Introduction {#s1}
============

Mitochondria perform a number of essential cellular functions ranging from production of ATP and diverse other metabolic intermediates to initiation of apoptosis. It is thus not very surprising that disturbances in mitochondrial function are associated with a number of human diseases, including neurodegenerative disorders, diabetes, and various forms of cancer ([@bib31]; [@bib33]; [@bib51]). An essential prerequisite for correctly functioning mitochondria is import of about 1000 different proteins synthesized as precursor proteins in the cytosol. Recent studies revealed that mitochondrial protein import machineries are sensitive indicators of functionality of mitochondria ([@bib12]; [@bib28]; [@bib50]), demonstrating that a deep understanding of mitochondrial protein import pathways and their regulation will be essential for understanding the role mitochondria have under physiological and pathophysiological conditions. Over half of mitochondrial proteins are synthesized with cleavable, N-terminal extensions called presequences. Import of such precursor proteins requires a coordinated action of the TOM complex in the outer membrane and the TIM23 complex in the inner membrane and is driven by membrane potential across the inner membrane and ATP in the matrix ([@bib9]; [@bib10]; [@bib14]; [@bib25]; [@bib30]; [@bib37]; [@bib40]).

The TIM23 complex mediates translocation of presequence-containing precursor proteins into the matrix as well as their lateral insertion into the inner membrane. The latter process requires the presence of an additional, lateral insertion signal. After initial recognition on the intermembrane space side of the inner membrane by the receptors of the TIM23 complex, Tim50 and Tim23, precursor proteins are transferred to the translocation channel in the inner membrane in a membrane-potential dependent step ([@bib44]; [@bib18]; [@bib52]; [@bib38]; [@bib41]). The translocation channel is formed by membrane-integrated segments of Tim23, together with Tim17 and possibly also Mgr2 ([@bib1]; [@bib8]; [@bib16]; [@bib19]). At the matrix-face of the inner membrane, precursor proteins are captured by the components of the import motor of the TIM23 complex, also referred to as PAM (presequence translocase-associated motor). Its central component is mtHsp70 whose ATP hydrolysis-driven action fuels translocation of precursor proteins into the matrix ([@bib7]; [@bib17]; [@bib29]; [@bib36]). Multiple cycles of mtHsp70 binding to and release from translocating proteins are required for complete translocation across the inner membrane. The ATP hydrolysis-driven cycling of mtHsp70 and thereby its binding to proteins is regulated by the J- and J-like proteins Tim14(Pam18) and Tim16(Pam16) as well as by the nucleotide-exchange factor Mge1 ([@bib6]; [@bib15]; [@bib20]; [@bib24]; [@bib23]; [@bib43]). Tim21 and Pam17 are two nonessential components that bind to Tim17-Tim23 core of the TIM23 complex and appear to modulate its activity in a mutually antagonistic manner ([@bib4]; [@bib32]; [@bib44]).

The translocation channel and the import motor of the TIM23 complex are thought to be coupled by Tim44, a peripheral inner membrane protein exposed to the matrix ([@bib5]; [@bib15]; [@bib36]). Like other components of the TIM23 complex, Tim44 is a highly evolutionary conserved protein and is encoded by an essential gene. In mammals, Tim44 has been implicated in diabetes-associated metabolic and cellular abnormalities ([@bib45]; [@bib47]). A novel therapeutic approach using gene delivery of Tim44 has recently shown promising results in mouse models of diabetic nephropathy ([@bib52]). In addition, mutations in Tim44 were identified that predispose carriers to oncocytic thyroid carcinoma ([@bib3]). Understanding the function of Tim44 and its interactions within the TIM23 complex will therefore be essential for understanding how the energy of ATP hydrolysis is converted into unidirectional transport of proteins into mitochondria and may provide clues for therapeutic treatment of human diseases.

Tim44 binds to the Tim17-Tim23 core of the translocation channel ([@bib15]; [@bib23]). Tim44 also binds to mtHsp70, recruiting it to the translocation channel. The interaction between Tim44 and mtHsp70 is regulated both by nucleotides bound to mtHsp70 as well as by translocating proteins ([@bib5]; [@bib17]; [@bib39]). Tim44 is likewise the major site of recruitment of the Tim14-Tim16 subcomplex, recruiting them both to the translocation channel as well as to mtHsp70 ([@bib15]; [@bib23]). In this way, Tim44 likely ensures that binding of mtHsp70 to the translocating polypeptides, regulated by the action of Tim14 and Tim16, takes place right at the outlet of the translocation channel in the inner membrane.

Tim44 is composed of two domains, depicted as N- and C-terminal domains ([Figure 1A](#fig1){ref-type="fig"}). Recent studies suggested that the N-terminal domain is responsible for the majority of known functions of Tim44. Segments of the N-terminal domain were identified that are important for interaction of Tim44 with Tim16 and with mtHsp70 ([@bib34]; [@bib35]). Furthermore, using site-specific crosslinking, residues in the N-terminal domain were crosslinked to the matrix-exposed loop of Tim23 ([@bib42]). However, the C-terminal domain of Tim44 shows higher evolutionary conservation. Still, the only function that has so far been attributed to the C-terminal domain is its role in recruitment of Tim44 to cardiolipin-containing membranes ([@bib48]). Based on the crystal structure of the C-terminal domain, a surface-exposed hydrophobic cavity was initially suggested to be important for membrane recruitment ([@bib13]). However, subsequent biochemical studies combined with molecular dynamics simulations, demonstrated that the helices A1 and A2 (residues 235--262 in yeast Tim44), present in the beginning of the C-terminal domain, are important for membrane recruitment ([@bib21]). Deletion of helices A1 and A2 abolished membrane association of the C-terminal domain. Interestingly, attachment of helices A1 and A2 to a soluble protein was sufficient to recruit it to a model membrane ([@bib21]).10.7554/eLife.11897.003Figure 1.The function of Tim44 can be rescued by its two domains expressed *in trans* but not by either of the domains alone.(**A**) Schematic representation of Tim44 domain structure (numbering according to yeast Tim44 sequence). pre. - presequence (****B**** and ****C****) A haploid yeast deletion strain of *TIM44* carrying the wild-type copy of *TIM44* on a *URA* plasmid was transformed with centromeric plasmids carrying indicated constructs of Tim44 under control of endogenous promoter and 3\'UTR. Cells were plated on medium containing 5-fluoroorotic acid and incubated at 30°C. The plasmid carrying wild-type Tim44 and an empty plasmid were used as positive and negative controls, respectively. (**D**) Total cell extracts of wild-type yeast cells transformed with plasmids coding for indicated Tim44 constructs under *GPD* promoter were analysed by SDS--PAGE and immunoblotting against depicted antibodies. \*, \*\* and \*\*\* - protein bands detected with antibodies raised against full-length Tim44.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.003](10.7554/eLife.11897.003)10.7554/eLife.11897.004Figure 1---figure supplement 1.Two domains of Tim44 do not interact stably with each other.(**A**) Purified His~6~-Tim44(43--263) was incubated with purified Tim44(211--431) either in low-salt (20 mM Tris/HCl, 50 mM NaCl, 10 mM imidazole, pH 8.0) or high-salt buffer (20 mM Tris/HCl, 300 mM NaCl, 10 mM imidazole, pH 8.0) for 5 min at 25°C. The NiNTA-agarose beads were added and the mixture gently rolled for 30 min at 4°C. After three washing steps with the same buffer, bound proteins were eluted with the buffer containing 300 mM imidazole. Total (T, 10%), flow-through (FT, 10%), and bound (B, 100%) fractions were analyzed by SDS--PAGE followed by Coomassie staining. (**B**) Mitochondria were isolated from yeast cells in which the function of the full-length Tim44 was rescued by coexpression of N- and C-terminal domains separately (N+C). In His~9~N+C mitochondria, the N-terminal domain contained an additional His~9~ tag. Mitochondria were solubilized with digitonin-containing buffer and incubated with NiNTA-agarose beads at 4°C. After three washing steps, proteins specifically bound to the beads were eluted with Laemmli buffer containing 300 mM imidazole. Total (T, 10%), flow-through (FT, 10%), and bound (B, 100%) fractions were analyzed by SDS--PAGE followed by imunoblotting using antibodies to Tim44.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.004](10.7554/eLife.11897.004)

We report here that the function of the full-length Tim44 cannot be rescued by its N-terminal domain extended to include membrane-recruitment helices of the C-terminal domain, demonstrating an unexpected essential function of the core of the C-terminal domain. Surprisingly, we observed that the two domains of Tim44, when expressed *in trans*, can support, although poorly, growth of yeast cells, giving us a tool to dissect the role of the C-terminal domain *in vivo*. We identify the C-terminal domain of Tim44 as the domain of Tim44 that is in contact with translocating proteins and that directly interacts with Tim17, a component of the translocation channel. Our data suggest that intricate rearrangements of the two domains of Tim44 are required during transfer of translocating precursor proteins from the channel in the inner membrane to the ATP-dependent motor at the matrix face.

Results {#s2}
=======

The function of Tim44 can be rescued by its two domains expressed *in trans* {#s2-1}
----------------------------------------------------------------------------

We reasoned that if all important protein--protein interactions of Tim44 are mediated by its N-terminal domain and the only function of the C-terminal domain is to recruit Tim44 to the membrane, then a construct consisting of the N-terminal domain, extended to include the membrane-recruitment helices A1 and A2, should suffice to support the function of the full-length protein. To test this hypothesis, we cloned such a construct in a yeast expression plasmid and transformed it into a Tim44 plasmid shuffle yeast strain. Upon incubation of transformed cells on a medium containing 5-fluoroorotic acid to remove the *URA* plasmid carrying the wild-type, full-length copy of Tim44, no viable cells were obtained ([Figure 1B](#fig1){ref-type="fig"}). A plasmid carrying the full-length copy of Tim44 enabled growth of yeast cells, whereas no viable colonies were obtained when an empty plasmid was used, confirming the specificity of the assay. We conclude that the N-terminal domain of Tim44, even when extended to include the membrane-recruitment helices of the C-terminal domain, is not sufficient to support the function of the full-length protein. Furthermore, this result suggests that the C-terminal domain of Tim44 has a function beyond membrane recruitment that is apparently essential for viability of yeast cells.

We then tested whether the function of Tim44 can be rescued by its two domains expressed *in trans*. Two plasmids, each encoding one of the two domains of Tim44 and both including A1 and A2 helices, were co-transformed into a Tim44 plasmid shuffle yeast strain and analyzed as above. Surprisingly, we obtained viable colonies when both domains were expressed in the same cell but not when either of the two domains was expressed on its own ([Figure 1C](#fig1){ref-type="fig"}). The rescue was dependent on the presence of A1 and A2 helices on both domains (data not shown), as in their absence neither of the domains could even be stably expressed in yeast ([Figure 1D](#fig1){ref-type="fig"}).

It is possible that the two domains of Tim44, both carrying A1 and A2 helices, bind to each other with high affinity and therefore are able to re-establish the full-length protein from the individual domains. To test this possibility, we expressed both domains recombinantly, purified them and analyzed, in a pull down experiment, if they interact with each other. The N-terminally His-tagged N-terminal domain efficiently bound to NiNTA-agarose beads under both low- and high-salt conditions ([Figure 1---figure supplement 1A](#fig1s1){ref-type="fig"}). However, we did not observe any copurification of the non-tagged C-terminal domain. We also did not observe any stable interaction of the two domains when digitonin-solubilized mitochondria containing a His-tagged version of the N-terminal domain were used in a NiNTA pull-down experiment ([Figure 1---figure supplement 1B](#fig1s1){ref-type="fig"}). Thus, the two domains of Tim44 appear not to stably interact with each other.

N+C cells are viable, but grow only very poorly even on fermentable medium {#s2-2}
--------------------------------------------------------------------------

We compared growth rate of the yeast strain carrying the wild-type, full-length version of Tim44 (FL) with that of the strain having two Tim44 domains, both containing A1 and A2 helices, expressed *in trans*, for simplicity reasons named from here on N+C. The N+C strain was viable and grew relatively well on a fermentable carbon source at 24°C and 30°C ([Figure 2A](#fig2){ref-type="fig"}). Still, its growth was slower than that of the FL strain at both temperatures. At 37°C, the N+C strain was barely viable. On a nonfermentable carbon source, when fully functional mitochondria are required, N+C did not grow at any of the temperatures tested. Thus, the function of Tim44 can be reconstituted from its two domains separately, although only very poorly.10.7554/eLife.11897.005Figure 2.N+C cells grow poorly, even on fermentable carbon source.(**A**) Ten-fold serial dilutions of *△tim44* cells rescued by the wild-type, full-length copy of Tim44 (FL) or by its two domains expressed *in trans* (N+C) were spotted on rich medium containing glucose (YPD) or lactate (YPLac), as fermentable and non-fermentable carbon sources, respectively. Plates were incubated at indicated temperatures for 2 (YPD) or 3 days (YPLac). (**B**) 15 and 35 µg of mitochondria isolated from FL and N+C cells were analyzed by SDS--PAGE, followed by immunoblotting against depicted mitochondrial proteins.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.005](10.7554/eLife.11897.005)

We isolated mitochondria from FL and N+C strains grown on fermentable medium and compared their mitochondrial protein profiles. Immunostaining with antibodies raised against full-length Tim44 detected no full-length protein in N+C mitochondria but rather two faster migrating bands ([Figure 2B](#fig2){ref-type="fig"}). Based on the running behavior of the individual domains seen in [Figure 1D](#fig1){ref-type="fig"}, the slower migrating band corresponds to the N domain and the faster migrating one to the C domain. This confirms that, surprisingly, the full-length Tim44 is indeed not absolutely required for viability of yeast cells. The endogenous levels of other components of the TIM23 complex were either not changed at all (Tim17, Tim23, and Tim50), or were slightly upregulated (mtHsp70, Tim14, and Tim16), likely to compensate for only poorly functional Tim44. Levels of components of other essential mitochondrial protein translocases of the outer and inner mitochondrial membranes, Tom40, Tob55, and Tim22, were not altered compared to FL mitochondria. Similarly, we observed no obvious differences in endogenous levels of proteins present in the outer membrane, intermembrane space, inner membrane, and the matrix that we analyzed.

We conclude that Tim44 can be split into its two domains that are sufficient to support the function of the full-length protein, although only poorly.

Protein import into mitochondria is severely impaired in N+C cells {#s2-3}
------------------------------------------------------------------

Considering the essential role of Tim44 during translocation of precursor proteins into mitochondria, we tested whether the severe growth defect of the N+C strain is due to compromised mitochondrial protein import. When import of precursor proteins into mitochondria is impaired, a precursor form of matrix-localized protein Mdj1 accumulates *in vivo* ([@bib46]; [@bib49]). We indeed observed a very prominent band of the precursor form of Mdj1 in total cell extracts of N+C cells, grown at 24°C and 30°C, that was absent in cells containing full-length Tim44 ([Figure 3A](#fig3){ref-type="fig"}). Thus, the efficiency of protein import into mitochondria is reduced in N+C cells.10.7554/eLife.11897.006Figure 3.N+C cells have a strongly impaired import via the TIM23 complex.(**A**) Total cell extracts of FL and N+C cells grown at 24°C and 30°C were analyzed by SDS--PAGE and immunoblotting using indicated antibodies. p - precursor, and m - mature form of Mdj1. (**B**--**G** and **I**--**J**) ^35^S-labeled mitochondrial precursor proteins were imported into mitochondria isolated from FL and N+C cells. After indicated time periods, aliquots were removed and Proteinase K (PK) was added where indicated. Samples were analyzed by SDS--PAGE, autoradiography and quantification of PK-protected mature forms of imported proteins. pF1β - precursor of the β subunit of F~o~F~1~ ATPase. pcyt*b*~2~(1--167)△DHFR - precursor consisting of the first 167 residues with the deleted sorting signal of yeast cytochrome *b*~2~ fused to mouse dihydrofolate reductase (DHFR); pSu9(1--69)DHFR - matrix targeting signal (residues 1--69) of subunit 9 of F~o~F~1~ ATPase from *Neurospora crassa* fused to DHFR; pOxa1 - precursor of Oxa1; pDLD1 - precursor of D-lactate dehydrogenase; pcyt*b*~2~ - precursor of cytochrome *b*~2~; AAC - precursor of ATP/ADP carrier; p, i, m - precursor, intermediate, and mature forms of imported proteins; \* - *in vitro* translation product starting from an internal methionine. \*\* - clipped form of Tim23. (**H**) Membrane potential of isolated mitochondria was measured using DiSC~3~(5). Valinomycin was added to dissipate membrane potential.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.006](10.7554/eLife.11897.006)

To analyze protein import in N+C mitochondria in more detail, we performed *in vitr*o protein import into isolated mitochondria ([Figure 3B--G,I--J](#fig3){ref-type="fig"}). To this end, various mitochondrial precursor proteins were synthesized *in vitro* in the presence of \[^35^S\]-methionine and incubated with isolated mitochondria. The import efficiencies of all matrix-targeted precursors analyzed, pF1β, pcyt*b*~2~(1--167)△DHFR, and pSu9(1--69)DHFR, were drastically reduced in N+C mitochondria when compared to wild type. Import of presequence-containing precursor of Oxa1 that contains multiple transmembrane segments was similarly impaired. Likewise, precursor proteins that are laterally inserted into the inner membrane by the TIM23 complex, such as pDLD1 and pcyt*b*~2~, were imported with reduced efficiency into N+C mitochondria. In agreement with the established role of Tim44 in import of precursors of a number of components of respiratory chain complexes and their assembly factors, we observed a slightly reduced membrane potential in N+C mitochondria as compared to wild type ([Figure 3H](#fig3){ref-type="fig"}). However, precursors of ATP/ADP carrier and of Tim23, whose imports into mitochondria are not dependent on the TIM23 complex, were imported with similar efficiencies in both types of mitochondria, demonstrating that observed effects are not due to general dysfunction of mitochondria. We conclude that splitting of Tim44 into two domains in N+C cells severely impairs transport of proteins by the TIM23 complex, suggesting that full-length Tim44 is required for efficient import of presequence-containing precursor proteins into mitochondria.

Both domains of Tim44 assemble into the TIM23 complex {#s2-4}
-----------------------------------------------------

Tim44 is thought to play an important role in connecting the translocation channel and the import motor of the TIM23 complex. We thus reasoned that disassembly of the TIM23 complex in N+C mitochondria might be a reason for its reduced functionality. When wild-type mitochondria are solubilized with digitonin, affinity-purified antibodies to Tim17 and to Tim23 essentially deplete both Tim17 and Tim23 from the mitochondrial lysate and precipitate part of Tim50, Tim44, Tim14, and Tim16 ([Figure 4](#fig4){ref-type="fig"}). Similarly, affinity-purified antibodies to Tim16 deplete both Tim16 and Tim14 and precipitate Tim50, Tim17, Tim23, and Tim44 from mitochondrial lysate. We observed essentially the same precipitation pattern when we analyzed digitonin-solubilized N+C mitochondria, demonstrating that the TIM23 complex is properly assembled. Importantly, both N and C domains of Tim44 were recruited to the TIM23 complex.10.7554/eLife.11897.007Figure 4.The TIM23 complex is assembled in N+C mitochondria.Mitochondria from FL and N+C cells were solubilized with digitonin-containing buffer and mitochondrial lysates incubated with affinity-purified antibodies to Tim17, Tim23, and Tim16 prebound to Protein A-Sepharose beads. Antibodies from preimmune serum (PI) were used as a negative control. After three washing steps, material specifically bound to the beads was eluted with Laemmli buffer. Total (20%), supernatant (Sup, 20%), and bound (Pellet, 100%) fractions were analyzed by SDS--PAGE and immunoblotting with indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.007](10.7554/eLife.11897.007)

The TIM23 complex adopts an altered conformation in N+C mitochondria {#s2-5}
--------------------------------------------------------------------

Since the assembly of the TIM23 complex is not affected in N+C mitochondria, we reasoned that an altered conformational flexibility may be a reason behind its reduced function in N+C cells. Chemical crosslinking is currently the most sensitive assay available to analyze the conformation of the TIM23 complex in intact mitochondria. We thus compared the crosslinking patterns of TIM23 subunits in N+C mitochondria to those in FL. In wild-type mitochondria, Tim16 can be crosslinked to mtHsp70, Tim44, and Tim14 in an ATP-dependent manner ([Figure 5A](#fig5){ref-type="fig"}). In N+C mitochondria, the same crosslinks of Tim16 to mtHsp70 and to Tim14 were observed. The crosslink to Tim44 was, as expected, absent in N+C mitochondria and another crosslink to a smaller protein appeared. In addition, a crosslink between two Tim16 molecules became prominent. Interestingly, this crosslink has previously been observed in mutants in which conformation of the TIM23 complex was altered ([@bib32]). Similarly, we observed prominent changes in crosslinking pattern of the channel component Tim23 ([Figure 5B](#fig5){ref-type="fig"}). In addition to the crosslink of Tim23 to Pam17, observed in both FL and N+C mitochondria, a prominent Tim23-dimer crosslink appeared in N+C mitochondria.10.7554/eLife.11897.008Figure 5.The TIM23 complex adopts an altered conformation in N+C mitochondria.(**A** and **B**) Mitochondria from FL and N+C cells were incubated with amino group-specific crosslinker disuccinimidyl glutarate (DSG). Where indicated, mitochondrial ATP levels were altered prior to crosslinking. After quenching of excess crosslinker, mitochondria were reisolated and analyzed by SDS--PAGE followed by immunoblotting with antibodies to Tim16 (**A**) and Tim23 (**B**). \* indicates currently uncharacterized crosslinks. (**C**) Mitochondria from FL and N+C cells were solubilized in digitonin-containing buffer and analyzed by BN-PAGE and immunoblotting with indicated antibodies.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.008](10.7554/eLife.11897.008)

To obtain an independent evidence that the conformation of the TIM23 complex is affected in N+C mitochondria, we analyzed the complex by blue native gel electrophoresis. When digitonin-solubilized wild-type mitochondria are separated by BN-PAGE, Tim17, and Tim23 are present in a 90 kDa complex and, to a lesser degree, in higher molecular weight complexes that additionally contain Tim21 and Mgr2 ([@bib4]; [@bib16]). In contrast, with digitonin-solubilized N+C mitochondria, antibodies to Tim17 and Tim23 revealed slightly shifted bands, in particular of the 90 kDa complex ([Figure 5C](#fig5){ref-type="fig"}). Since the 90 kDa complex does not contain any other known subunit of the TIM23 complex, this finding further supports the above notion that the conformation of the translocation channel is changed in N+C mitochondria. We observed no obvious difference in the ca. 60 kDa Tim14-Tim16 complex between FL and N+C mitochondria. As expected, full-length Tim44, present in FL mitochondria, was absent in N+C mitochondria ([Figure 5C](#fig5){ref-type="fig"}).

Together, these results demonstrate that the conformation of the TIM23 complex is changed in N+C mitochondria. They further show that alterations in the components traditionally assigned to the import motor affect the conformation of the translocation channel in the inner membrane, supporting the notion of an intricate crosstalk within the complex.

Role of the C-terminal domain of Tim44 {#s2-6}
--------------------------------------

The data presented so far suggest that full-length Tim44 is required for optimal conformational dynamics of the TIM23 complex. Furthermore, they suggest that the C-terminal domain has an essential function within the TIM23 complex, beyond mere membrane recruitment. So, what is the function of the C-terminal domain of Tim44? We first searched for binding partners of the individual domains. To that end, we recombinantly expressed and purified full-length Tim44 as well as its two domains ([Figure 6A](#fig6){ref-type="fig"}). To look for interaction partners of the core domains, both domains now lacked the segment containing A1 and A2 helices. Purified proteins were covalently coupled to the Sepharose beads and were subsequently incubated with mitochondrial lysates. Mitochondria were solubilized with Triton X-100 that, unlike digitonin, dissociates the TIM23 complex into its individual subunits (except for the Tim14-Tim16 subcomplex that remains stable). In this way, direct protein-protein interactions can be analyzed. We observed prominent, specific binding of mtHsp70, Tim16, Tim14 and Tim17, and to a far lesser degree of Tim23 and Tim50, to full-length Tim44 ([Figure 6B](#fig6){ref-type="fig"}). None of the proteins bound to empty beads. Also, we observed no binding of two abundant mitochondrial proteins, porin, and F1βß, demonstrating the specificity of observed interactions. mtHsp70, Tim16 and Tim14 also efficiently bound to the N-terminal domain of Tim44, in agreement with previous observations ([@bib34]; [@bib35]), and far less efficiently to the C-terminal domain. Since the Tim14-Tim16 subcomplex remains stable in Triton X-100, it is not possible by this method to distinguish which of the two subunits, or maybe even both, directly interacts with the N-terminal domain of Tim44. Binding of Tim17 to the N-terminal domain of Tim44 was drastically lower compared to its binding to the full-length protein. Instead, a strong binding of Tim17 to the C-terminal domain of Tim44 was observed.10.7554/eLife.11897.009Figure 6.C-terminal domain of Tim44 interacts with Tim17 and with a precursor in transit.(**A**) Coomassie-stained SDS-PA gel of recombinantly expressed and purified constructs of Tim44. FL - full-length, mature Tim44 (residues 43--431); N - a construct encompassing the N-terminal domain of Tim44 (residues 43--209); Cc - a construct encompassing the core of the C-terminal domain of Tim44 (residues 264--431). (**B**) Wild-type mitochondria were solubilized with Triton X-100 and incubated with indicated purified constructs of Tim44 covalently coupled to CNBr-Sepharose beads. Beads with no coupled protein were used as a negative control. After washing steps, proteins specifically bound to the beads were eluted by Laemmli buffer and analyzed by SDS--PAGE followed by immunoblotting with the indicated antibodies. Input lane contains 4.5% of the material used for binding (upper panel). Binding of mtHsp70, as a representative of the import motor components, and of Tim17 to different beads was quantified from three independent experiments (lower panel). Binding to FL was set to 1. (**C**) Antibodies specific for N and Cc domains of Tim44 were affinity purified from rabbit serum raised against full-length Tim44 using respective domains of Tim44 covalently coupled to Sepharose beads, as described under (**B**). To test the specificity of purified antibodies, indicated Tim44 constructs were loaded on an SDS-PA gel, blotted on a nitrocellulose membrane and obtained membranes were immunoblotted using the purified antibodies, as indicated. (**D**) ^35^S-labelled matrix targeted precursor protein pcyt*b*~2~(1--167)∆DHFR was imported into isolated mitochondria from FL and N+C cells in the presence of methotrexate, leading to its arrest as a TOM-TIM23 spanning intermediate. Samples were then crosslinked with disuccinimidyl suberate (DSS), where indicated. After quenching of excess crosslinker, aliquots were taken out for \'total\' and the rest of samples solubilized in SDS-containing buffer to dissociate all noncovalent protein--protein interactions. Solubilized material was incubated with indicated affinity-purified antibodies prebound to Protein A-Sepharose beads. Antibodies from preimmune serum (PI) were used as a negative control. Material specifically bound to the beads was eluted with Laemmli buffer and analyzed by SDS--PAGE and autoradiography. p - precursor and m - mature forms of pcyt*b*~2~(1--167)∆DHFR. (**E**) Melting curves of recombinant wild type and Pro282Gln mutant of Tim44 obtained by thermal shift assay.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.009](10.7554/eLife.11897.009)

We conclude that the N-terminal domain of Tim44 binds to the components of the import motor, whereas the C-terminal domain binds to the translocation channel in the inner membrane, revealing a novel function of the C-terminal domain of Tim44.

We then asked which of the two domains of Tim44 is in contact with translocating proteins. To answer this question, we first affinity-purified antibodies that specifically recognize cores of the individual domains of Tim44 using the above described Sepharose beads. The antibodies, affinity purified using beads with coupled full-length Tim44, recognized full-length Tim44 as well as both of its domains ([Figure 6C](#fig6){ref-type="fig"}). In contrast, antibodies that were affinity purified using beads with coupled individual domains recognized only the respective domain and the full-length protein ([Figure 6C](#fig6){ref-type="fig"}). This demonstrates that we indeed purified antibodies specific for individual domains of Tim44. Next, we accumulated ^35^S-labelled precursor protein pcyt*b*~2~(1--167)△DHFR as a TOM-TIM23-spanning intermediate. Briefly, this precursor protein consists of the first 167 residues of yeast cytochrome *b*~2~, with a 19 residue deletion in its lateral insertion signal, fused to the passenger protein dihydrofolate reductase. In the presence of methotrexate, that stabilizes folded DHFR, the *b*~2~ part reaches the matrix, whereas the DHFR moiety remains on the mitochondrial surface resulting in an intermediate that spans both TOM and TIM23 complexes. The association of Tim44 and its domains with the arrested precursor protein was analyzed by chemical crosslinking followed by immunoprecipitation with antibodies to full-length Tim44 and its individual domains. In wild-type mitochondria, all three antibodies precipitated a crosslinking adduct of Tim44 to the arrested precursor protein, demonstrating that they are all able to immunoprecipitate the respective antigens ([Figure 6D](#fig6){ref-type="fig"}). In contrast, with N+C mitochondria, a faster migrating crosslinking adduct of a Tim44 domain to the arrested precursor protein was immunoprecipitated with the antibodies against the C-terminal domain and against the full-length protein but not with the antibodies against the N-terminal domain. This demonstrates that the C-terminal domain of Tim44 is in close vicinity of the translocating protein.

Mutations identified in human patients can frequently point to functionally important residues in affected proteins. In this respect, Pro308Gln mutation in human Tim44 has recently been linked to oncocytic thyroid carcinoma ([@bib3]). Since the mutation maps to the C-terminal domain of Tim44, we wanted to analyze functional implications of this mutation and therefore made the corresponding mutation in yeast Tim44 (Pro282Gln). We compared thermal stabilities of wild type and mutant Tim44 proteins by thermal shift assay. The melting temperature of wild-type Tim44 was 54°C, whereas that of the mutant protein was 4°C lower ([Figure 6E](#fig6){ref-type="fig"}). This demonstrates that the mutation significantly destabilizes Tim44, providing first clues toward molecular understanding of the associated human disease.

Discussion {#s3}
==========

The major question of protein import into mitochondria that has remained unresolved is how translocation of precursor proteins through the channel in the inner membrane is coupled to the ATP-dependent activity of the Hsp70-based import motor at the matrix face of the inner membrane.

Results presented here demonstrate that the two domain structure of Tim44 is essential during this process. We show here that the two domains of Tim44 have different interaction partners within the TIM23 complex. In this way, Tim44 holds the TIM23 complex together. Our data revealed a direct, previously unexpected interaction between the C-terminal domain of Tim44 with the channel component Tim17. This result not only assigned a novel function to the C-terminal domain of Tim44 but also shed new light on Tim17, the component of the TIM23 complex that has been notoriously difficult to analyze. Recent mutational analysis of the matrix exposed loop between transmembrane segments 1 and 2 of Tim17 revealed no interaction site for Tim44 ([@bib42]), suggesting its presence in another segment of the protein. Our data also confirmed the previously observed interactions of the N-terminal domain of Tim44 with the components of the import motor ([@bib34]; [@bib35]). We did, however, not observe any direct interaction between Tim23 and the N-terminal domain of Tim44 that has previously been seen by crosslinking in intact mitochondria ([@bib42]). It is possible that this crosslinking requires a specific conformation of Tim23 only adopted when Tim23 is bound to Tim17 in the inner membrane. This notion is supported by our previous observation that the stable binding of Tim44 to the translocation channel requires assembled Tim17-Tim23 core of the TIM23 complex ([@bib23]). We observed a direct Tim17-Tim44 interaction here probably because of a high local concentration of the C-terminal domain when bound to the beads.

The core of the C-terminal domain is preceded by a segment that contains two amphipathic, membrane-recruitment helices. This central segment connects the two domains of Tim44. Intriguingly, the two currently available crystal structures of the C-terminal domains of yeast and human Tim44s showed different orientations of the two helices relative to the core domains ([@bib11]; [@bib13]). The conformational change was likely induced upon PEG binding to this region of human Tim44 during crystallization ([@bib11]). It is tempting to speculate that the same conformational change takes place during translocation of proteins in the mitochondria. Such a conformational change would not only reorient the two helices in respect to the core of the C-domain but also change the relative orientation of N- and C-terminal domains. Since the two domains have different interaction partners within the TIM23 complex, such a change could rearrange the entire complex. The importance of this proposed conformational change in Tim44 is supported by the data presented here. The function of the full-length Tim44 could be reconstituted from its individual domains only very poorly. Also, there is obviously a very strong evolutionary pressure to keep the two domains of Tim44 within one polypeptide chain. N+C strain had to be kept at all times on the selective medium - even after only an overnight incubation on a nonselective medium the full-length protein reappeared (our unpublished observation), likely due to a recombination event between two plasmids.

Tim44 can be crosslinked to translocating proteins. Our data revealed that it is the C-terminal domain of Tim44 that interacts with proteins entering the matrix from the translocation channel in the inner membrane. A direct interaction of the same domain with Tim17 would optimally position the C-terminal domain to the outlet of the translocation channel. This raises an interesting possibility that translocating precursor proteins may play an important role in the above postulated conformational changes of Tim44.

A missense mutation Pro308Gln in human Tim44 is associated with familial oncocytic thyroid carcinoma. The corresponding mutation in yeast, Pro282Gln, destabilized the protein but produced no obvious growth phenotype or an *in vivo* import defect (our unpublished observations), suggesting that the yeast system is more robust. This observation is in agreement with the notion that mutations that would severely affect the function of the TIM23 complex would likely be embryonically lethal in humans. Still, the disease caused by a mutation in the C-terminal domain of human Tim44 speaks for an important role of this domain in the function of the entire TIM23 complex. Furthermore, the mutation maps to the short loop between A3 and A4 helices in the C-terminal domain of Tim44. Based on the crystal structure of Tim44, it was previously suggested that the mutation could affect the conformational flexibility of the A1 and A2 helices ([@bib11]), intriguingly providing further support for the above postulated conformational changes of Tim44.

Based on the previously available data and the results presented here, we put forward the following model to describe how translocation of precursor proteins through the channel in the inner membrane is coupled to their capture by the ATP-dependent import motor at the matrix face of the channel ([Figure 7](#fig7){ref-type="fig"}). Tim44 plays a central role in this model. We envisage that two domains of Tim44 are connected by the central segment that contains membrane-recruitment helices, like two cherries on the stalks ([Figure 7](#fig7){ref-type="fig"} insert). This central segment of Tim44 recruits the protein to the cardiolipin-containing membranes. There, through direct protein--protein interactions, the C-terminal domain of Tim44 binds to Tim17 and the N-terminal domain to mtHsp70 and to Tim14-Tim16 subcomplex (1). In this way, Tim44 functions as a central platform that connects the translocation channel in the inner membrane with the import motor at the matrix face. Additional interactions likely stabilize the complex, in particular that between the N-terminal domain of Tim44 and Tim23 ([@bib42]) as well as the one between Tim17 and the IMS-exposed segment of Tim14 ([@bib4]). In the resting state, the translocation channel is closed to maintain the permeability barrier of the inner membrane. During translocation of proteins (2), the translocation channel in the inner membrane has to open to allow passage of proteins. Opening of the channel will likely change the conformation of Tim17 that could be further conveyed to the C-terminal domain Tim44. It is tempting to speculate that this conformational change is transduced to the N-terminal domain of Tim44 through the central, membrane-bound segment of Tim44, leading to relative rearrangements of the two domains of Tim44. This change would now allow Tim14-Tim16 complex to stimulate the ATPase activity of mtHsp70 leading to stable binding of the translocating protein to mtHsp70. mtHsp70, with bound polypeptide, will then move into the matrix, opening a binding site on Tim44 for another molecule of mtHsp70 (3). We speculate that the release of mtHsp70 with bound polypeptide from the N-terminal domain of Tim44 will send a signal back to the C-terminal domain of Tim44 and further to the translocation channel. Multiple cycles of mtHsp70 are required to translocate the entire polypeptide chain into the matrix. Once the entire polypeptide has been translocated, the translocation channel will revert to its resting, closed state, bringing also Tim44 back to its resting conformation (1). Thus, the translocation channel in the inner membrane and the mtHsp70 system at the matrix face communicate with each other through rearrangements of the two domains of Tim44 that are stimulated by translocating polypeptide chain.10.7554/eLife.11897.010Figure 7.A proposed model of function of the TIM23 complex.See text for details. For simplicity reasons, only essential subunits of the complex are shown.**DOI:** [http://dx.doi.org/10.7554/eLife.11897.010](10.7554/eLife.11897.010)

Material and methods {#s4}
====================

Yeast strains, plasmids, and growth conditions {#s4-1}
----------------------------------------------

Wild-type haploid yeast strain YPH499 was used for all genetic manipulations. A Tim44 plasmid shuffling yeast strain was made by transforming YPH499 cells with a pVT-102U plasmid (*URA* marker) containing a full-length *TIM44* followed by replacement of the chromosomal copy of *TIM44* with a *HIS3* cassette by homologous recombination. For complementation analyzes, endogenous promoter, mitochondrial presequence (residues 1--42) and the 3'-untranslated region of *TIM44* were cloned into centromeric yeast plasmids pRS315 (*LEU* marker) and pRS314 (*TRP* marker) and obtained plasmids subsequently used for cloning of various Tim44 constructs. The following constructs were used in the analyzes: Tim44(43--209), Tim44(43--262), Tim44(264--431), and Tim44(210--431). The constructs encompassing the N- and the C-terminal domains of Tim44 were cloned into pRS315 and pRS314 plasmids, respectively. Plasmids carrying the full-length copy of *TIM44* were used as positive controls and empty plasmids as negative ones. A Tim44 plasmid shuffling yeast strain was transformed with two plasmids simultaneously and selected on selective glucose medium lacking respective markers. Cells that lost the wild-type copy of Tim44 on the *URA* plasmid were selected on medium containing 5-fluoroorotic acid at 30°C.

For expression in the wild-type background, the above-described constructs of Tim44, containing endogenous Tim44 presequence, were also cloned into centromeric yeast plasmids p414GPD and p415GPD for expression under the control of the strong *GPD* promoter. Cells were grown on selective lactate medium containing 0.1% glucose.

FL and N+C cells were grown in selective glucose medium at 30°C, unless otherwise indicated, and mitochondria were isolated from cells in logarithmic growth phase.

Recombinant proteins {#s4-2}
--------------------

DNA sequences coding for various segments of Tim44 were cloned into bacterial expression vector pET-Duet1 introducing a TEV cleavage site between the His~6~-tag and the protein coding region. The following Tim44 constructs were cloned: Tim44(43--431) (full-length protein lacking the mitochondrial presequence), Tim44(43--209) (referred to as N in [Figure 6A](#fig6){ref-type="fig"}), Tim44(43--263), Tim44(211--431), and Tim44(264--431) (referred to as Cc in [Figure 6A](#fig6){ref-type="fig"}). Pro282Gln mutation was introduced into the full-length construct using site directed mutagenesis. Proteins were expressed in *E. coli* BL21(DE3) at 37°C and purified using affinity chromatography on NiNTA-agarose beads (Qiagen, Germany) followed by gel filtration on Superdex 75 column (GE Healthcare, Germany). Unless otherwise indicated, the His~6~-tags were removed by incubation with the TEV protease. The purified proteins were stored at -80^o^C in 20 mM HEPES/KOH, 200 mM KCl, 5 mM MgCl~2~, pH 7.5, until use.

Purified proteins were coupled to CNBr-Sepharose beads (GE Healthcare, Germany) according to manufacturer\'s instructions and stored at 4°C. The beads were used for purification of domain-specific antibodies from the serum raised in rabbits against recombinantly expressed full-length Tim44. For direct binding analysis, mitochondria isolated from wild-type yeast cells were solubilized with 0.5% Triton X-100 in 20 mM Tris/HCl, pH 8.0, 80 mM KCl, 10% glycerol at 1 mg/mL and incubated with Tim44 constructs coupled to CNBr-Sepharose beads for 30 min at 4^o^C. After three washing steps, specifically bound proteins were eluted with Laemmli buffer. Samples were analyzed by SDS--PAGE and immunoblotting.

Thermal shift assay {#s4-3}
-------------------

Thermal stabilities of wild type and P282Q mutant form of Tim44 were analyzed by fluorescence thermal shift assay ([@bib27]). Recombinant proteins (6.2 µM) in 20 mM HEPES/NaOH, 150 mM NaCl, pH 7.1 were mixed with 5x SYPRO Orange and melting curves analyzed in a real-time PCR machine using a gradient from 5°C to 99°C. Three technical replicates of two independent protein purifications were analyzed in parallel. Mutant Tim44 showed significantly decreased thermal stability under all conditions analyzed - in buffers containing different salt concentrations (50, 150, and 450 mM) as well as in different buffers and pHs (HEPES buffer at pH 7.1 and phosphate buffer at pH 8.0).

Miscellaneous {#s4-4}
-------------

Previously published procedures were used for protein import into isolated mitochondria, crosslinking, coimmunoprecipitations and arrest of mitochondrial precursor proteins as TOM-TIM23 spanning intermediates followed by crosslinking and immunoprecipitation under denaturing conditions ([@bib22]; [@bib23]; [@bib32]).
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Thank you for submitting your work entitled \"Rearrangements of the two domains of Tim44 drive protein translocation into mitochondria\" for consideration by *eLife*. Your article has been favorably evaluated by Randy Schekman (Senior editor) and three reviewers, one of whom, Klaus Pfanner, is a member of our Board of Reviewing Editors. The reviewers have discussed the reviews with one another and the Reviewing editor has drafted this decision to help you prepare a revised submission.

Summary:

Mitochondrial import of matrix proteins requires the mitochondrial import motor to drive protein translocation. The manuscript by Banerjee et al. investigates the structure function relation of Tim44, an essential subunit of the mitochondrial import motor. To dissect the N- and C-terminal domains functionally, the authors expressed these domains in trans and find that they suffice to confer viability to yeast cells lacking TIM44. Their analyses reveal that mitochondria with \"split\" Tim44 display transport defects along the presequence import route. Their analyses suggest that the N- and C-terminal domains engage with different modules of the presequence translocase. In comparison to full length Tim44, the split protein causes reorganization within the presequence translocase, implicating Tim44 in translocase/motor communication.

This is an interesting analysis that provides new and unexpected insight into how the import motor constituent Tim44 engages with the presequence translocase. Moreover, the data provides evidence for a link between motor dynamics and translocase organization. Thus, the manuscript addresses a long standing question on how the dynamic of the import motor is linked to translocase function.

Essential revisions:

1\) Since rearrangements of the two domains of Tim44 are not directly demonstrated, the title should be modified to better reflect the main message of the paper.

2\) The observed import defects of sorted and matrix targeted precursors is surprising. Why are sorted proteins affected that should not depend on the ATP driven motor and thus not on Tim44 function? The authors should assess the membrane potential directly to exclude indirect effects. Since the membrane potential-dependence of precursors varies a lot, AAC import alone might be misleading. In addition, carrier transport should be analyzed also by BN PAGE.

3\) Ting et al. (2014) reported that the N-terminal domain of Tim44 interacts with Tim23 as well as motor components by using crosslinking in intact mitochondria. Using purified Tim44 domains and mitochondria lysed with detergent, the authors confirmed the interaction of the N-terminal domain with motor components, however, not with Tim23. They speculate that crosslinking of the N-terminal Tim44 domain to Tim23 requires a specific conformation of Tim23 only adopted when Tim23 is bound to Tim17 in the inner membrane (i.e. in intact mitochondria). Since the authors demonstrate the interaction of the C-terminal domain of Tim44 with Tim17 by using the purified domains and lysed mitochondria, but use crosslinking in intact mitochondria for showing the interaction with precursor proteins, the two approaches should be compared more directly. A suitable approach would be to analyze the interaction of the C-terminal domain of Tim44 with Tim17 in intact mitochondria by crosslinking. They may use radiolabeled Tim17 imported into mitochondria and their domain-specific Tim44 antibodies to address this topic.

4\) The purification experiments shown in [Figure 6B](#fig6){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"} will benefit from quantification/statistics. In case of [Figure 6B](#fig6){ref-type="fig"}, the outcome is clearly visible in the presented experiment, but this seems to be only a representative (of how many experiments?). The statistical analysis of repetitions would provide more confidence for this important conclusion. In the case of [Figure 4](#fig4){ref-type="fig"}, the conclusion about the presence of the N-and C-domains is clear looking at the presented experiment (representative?), in contrast to the conclusion concerning Tim21 and Pam17. If the authors would like to keep the observation concerning Tim21 and Pam17 in the text, it requires statistics.

[Figure 4](#fig4){ref-type="fig"}: It is difficult to compare the co-immunoprecipitation efficiencies of different TIM23 components since the membranes have been strongly trimmed and the blots are overexposed. Here different exposures might have to be presented.

5\) [Figure 4](#fig4){ref-type="fig"}: There is far less Tim44 N+C associated with the TIM23 complex than full-length Tim44 in WT. This raises the question to what extend a Tim44-depletion mirrors the observed effects for the split protein with regard to crosslinks that do not include Tim44 (Tim23-Tim23, Tim16-Tim16) or import defects of sorted proteins.

6\) The conclusion that the TIM23 complex adopts an \"altered conformation\" in N+C mitochondria is based on crosslinking experiments. It would be good to support this conclusion by an independent approach, such as native gel electrophoresis or differential protease sensitivity of the TIM23 components.

Moreover, the term \"altered conformational flexibility\" is not fully fitting to the results presented here. The authors rather look at an altered subunit composition and not protein conformations. The text should be changed.

7\) The part on the human patient mutation mimicked in yeast Tim44 is interesting, but not required for the rest of the story. Does the mutation in Tim44 affect the TIM23 complex or protein import in yeast or humans? As it stands it is not very informative. The authors should either remove that part or perform a functional analysis, i.e. test mutant cells/mitochondria for the functionality of the Tim44 C-terminal domain in the binding of Tim17 and precursor binding during mitochondrial import.

10.7554/eLife.11897.012

Author response

*1) Since rearrangements of the two domains of Tim44 are not directly demonstrated, the title should be modified to better reflect the main message of the paper.*

The title was modified to now read "Two domains of Tim44 have different roles in the presequence translocase during transport of proteins into mitochondria". We agree that the title may have been somewhat misleading as we have indeed not directly demonstrated rearrangements of the two domains of Tim44.

*2) The observed import defects of sorted and matrix targeted precursors is surprising. Why are sorted proteins affected that should not depend on the ATP driven motor and thus not on Tim44 function? The authors should assess the membrane potential directly to exclude indirect effects. Since the membrane potential-dependence of precursors varies a lot, AAC import alone might be misleading. In addition, carrier transport should be analyzed also by BN PAGE.*

We would not agree that the import defects of TIM23 substrates we observed in N+C mitochondria are in general surprising. Tim44 has been identified over twenty years ago as an essential component of the TIM23 complex required for transport of presequence-containing precursors into mitochondria. Over the years, several temperature-sensitive mutants of Tim44 have been identified that specifically affected transport along the TIM23 pathway. We would thus rather argue that it would be surprising if in N+C mitochondria, which contain only a split version of this protein, no import defect was observed. We were certainly surprised to see that the N+C cells are viable at all. The point that we observed no difference between sorted and matrix targeted precursors may potentially be seen as surprising. However, it should also be said that the role of Tim44 in the differential sorting of proteins by the TIM23 complex has not been carefully analyzed, at least to the best of our knowledge, in contrast to mtHsp70 and the J proteins Tim14/Pam18 and Tim16/Pam16. While the latter proteins are very likely directly involved in the ATP-dependent steps of protein transport, the exact role of Tim44 is far less clear. Indeed the data presented in this manuscript would suggest a role of Tim44 also at an earlier stage of protein transport, which could affect both sorted as well as matrix-targeted precursors. Also, we have previously seen that Tim44 can be crosslinked to laterally sorted precursors (Popov-Celeketic et al., EMBO Reports, 2011), even when their transport does not depend on the ATPase activity of the import motor. However, as differential sorting of precursors by the TIM23 complex is not a focus of this manuscript, we removed this point from the text to simplify it for non-specialists.

We measured the membrane potential in FL and N+C mitochondria and, not surprisingly, observed its slight reduction in N+C mitochondria, in agreement with the very strong growth defect of N+C cells and with the established essential role of Tim44 in transport of a number of components of respiratory chain complexes and their assembly factors into mitochondria. In this respect, it is also worth noting that even in glucose medium at either 24°C or 30°C, N+C cells grow about three times slower than FL. In addition, rather than analyzing import of AAC by another method, we analyzed import of another TIM23-independent substrate, Tim23 itself. Like with AAC, we also observed no major difference in its import efficiency in FL and N+C mitochondria. These data are now included in [Figure 3](#fig3){ref-type="fig"} and in the Results section.

*3) Ting et al. (2014) reported that the N-terminal domain of Tim44 interacts with Tim23 as well as motor components by using crosslinking in intact mitochondria. Using purified Tim44 domains and mitochondria lysed with detergent, the authors confirmed the interaction of the N-terminal domain with motor components, however, not with Tim23. They speculate that crosslinking of the N-terminal Tim44 domain to Tim23 requires a specific conformation of Tim23 only adopted when Tim23 is bound to Tim17 in the inner membrane (i.e. in intact mitochondria). Since the authors demonstrate the interaction of the C-terminal domain of Tim44 with Tim17 by using the purified domains and lysed mitochondria, but use crosslinking in intact mitochondria for showing the interaction with precursor proteins, the two approaches should be compared more directly. A suitable approach would be to analyze the interaction of the C-terminal domain of Tim44 with Tim17 in intact mitochondria by crosslinking. They may use radiolabeled Tim17 imported into mitochondria and their domain-specific Tim44 antibodies to address this topic.*

We agree that it would be excellent to demonstrate a direct Tim17-Tim44 interaction also by another assay such as crosslinking. However, to the best of our knowledge, no crosslinks of Tim17 to any other component of the TIM23 complex have ever been seen in wild type mitochondria, radiolabeled or not, not even to Tim23, even though their interaction was demonstrated by several different assays. The only crosslinks to Tim17 observed so far were upon a very comprehensive cysteine-scanning mutagenesis of Tim23 followed by cysteine-specific crosslinking (Alder et al., MBC, 2008) and the above mentioned paper by Ting et al. that used site-specific UV crosslinking to demonstrate an interaction between Tim17 and Pam17. Since the surfaces of either Tim17 or Tim44 involved in this interaction remain currently unknown, we feel that undertaking such a comprehensive site-specific approach would be beyond the scope of this manuscript.

*4) The purification experiments shown in [Figure 6B](#fig6){ref-type="fig"} and [Figure 4](#fig4){ref-type="fig"} will benefit from quantification/statistics. In case of [Figure 6B](#fig6){ref-type="fig"}, the outcome is clearly visible in the presented experiment, but this seems to be only a representative (of how many experiments?). The statistical analysis of repetitions would provide more confidence for this important conclusion. In the case of [Figure 4](#fig4){ref-type="fig"}, the conclusion about the presence of the N-and C-domains is clear looking at the presented experiment (representative?), in contrast to the conclusion concerning Tim21 and Pam17. If the authors would like to keep the observation concerning Tim21 and Pam17 in the text, it requires statistics.*

*[Figure 4](#fig4){ref-type="fig"}: It is difficult to compare the co-immunoprecipitation efficiencies of different TIM23 components since the membranes have been strongly trimmed and the blots are overexposed. Here different exposures might have to be presented.* All the experiments presented in this manuscript are representatives of experiments repeated at least three times. In addition, all the critical experiments were not only performed with at least three biological replicates but were also repeated by at least two different researchers to make sure that all the observed effects are reproducible.

Following the suggestion of the reviewers, we included a panel containing quantifications of binding of mtHsp70, as a representative of the import motor components, and of Tim17 to the various beads that were obtained in three different experiments. In addition, we added to the Figure legend the information that input contains 4.5% of the material used for binding. This information was unfortunately missing in the original submission.

The original [Figure 4](#fig4){ref-type="fig"} was trimmed in order to remove the supernatants after coimmunoprecipitations. We felt this would make the figure easier for non-specialists. However, this certainly made it more difficult to judge the efficiencies of different coimmunoprecipitations. The new [Figure 4](#fig4){ref-type="fig"} now includes the supernatants, so that the efficiencies can be directly compared. We agree with the reviewers on the point that the observations with Tim21 and Pam17, though certainly reproducible, as explained above, are not essential for the conclusions of the manuscript. We have therefore removed them both from the Figure and from the text, to make it clearer for non-specialists. In addition, the Figure legend now contains the information that the total and supernatant fractions contain 20% of the material used for coimmunoprecipitations. As above, we unfortunately forgot to add this information during original submission.

*5) [Figure 4](#fig4){ref-type="fig"}: There is far less Tim44 N+C associated with the TIM23 complex than full-length Tim44 in WT. This raises the question to what extend a Tim44-depletion mirrors the observed effects for the split protein with regard to crosslinks that do not include Tim44 (Tim23-Tim23, Tim16-Tim16) or import defects of sorted proteins.*

The new [Figure 4](#fig4){ref-type="fig"}, which now contains the supernatants after coimmunoprecipitations, also addresses this question. In addition, we used for western blot Tim44 antibodies prepared by mixing affinity-purified antibodies to N and C domains so that both domains are now roughly equally well visible. We would also like to note that the Tim44 signal in FL is expected to be stronger as antibodies to both domains recognize the full-length protein whereas the individual domains are recognized only by certain antibodies. We think that from the new [Figure 4](#fig4){ref-type="fig"} it is clear that there is no less Tim44 bound to TIM23 in N+C than in FL. We would also like to add that it was previously shown that, upon depletion of Tim44 from cells, both Tim17-Tim23 and Tim14-Tim16 subcomplexes remain intact but they are completely dissociated from each other (Kozany et al., NSMB, 2004). In our opinion, it is clear from the presented coimmunoprecipitations experiment that the two subcomplexes remain associated in N+C mitochondria, unlike in cells depleted of Tim44.

6\) The conclusion that the TIM23 complex adopts an \"altered conformation\" in N+C mitochondria is based on crosslinking experiments. It would be good to support this conclusion by an independent approach, such as native gel electrophoresis or differential protease sensitivity of the TIM23 components.

*Moreover, the term \"altered conformational flexibility\" is not fully fitting to the results presented here. The authors rather look at an altered subunit composition and not protein conformations. The text should be changed.*

We greatly appreciate this suggestion. We analyzed the TIM23 complex by blue native PAGE and indeed observed a changed running behavior of both Tim17 and Tim23 in N+C mitochondria as compared to FL. Since this alteration mainly affected the 90 kDa complex whose only known components are Tim17 and Tim23, this finding provides further support for our notion that the conformation, rather than the composition, of the TIM23 complex is affected in N+C mitochondria. This new finding is now included in [Figure 5](#fig5){ref-type="fig"} and is described in the text.

As also discussed above, since the coimmunoprecipitation experiments revealed no major changes in the composition of the complex and both crosslinking and BN-PAGE support the notion of the changed conformation of the complex, we think that the term "altered conformational flexibility" is fitting our results and is supported by them.

*7) The part on the human patient mutation mimicked in yeast Tim44 is interesting, but not required for the rest of the story. Does the mutation in Tim44 affect the TIM23 complex or protein import in yeast or humans? As it stands it is not very informative. The authors should either remove that part or perform a functional analysis, i.e. test mutant cells/mitochondria for the functionality of the Tim44 C-terminal domain in the binding of Tim17 and precursor binding during mitochondrial import.*

We agree that the patient mutation mimicked in yeast Tim44 is not required to understand the rest of the story and have therefore removed this finding from the Abstract. As we also previously stated in the Discussion, we have performed initial analyses of yeast cells carrying this mutation and we observed neither an obvious growth nor an obvious in vivo import defect in these cells. Both these observations are in agreement with the relatively mild effect seen in the affected patients (as discussed in the text, mutations that would dramatically reduce the activity of the TIM23 complex would likely be embryonically lethal in humans). We did however observe that the mutation partially destabilizes the protein and we feel that this is an important observation as it may provide a clue as to what goes wrong in the affected patients and may stimulate studies with patient cell lines, which are clearly beyond the scope of this manuscript. We would thus prefer to keep this finding in the manuscript but are happy to leave the final decision to the editors.
